© Versita Sp. z o.o. The influence of temperature on the adsorption of polyvinyl alcohol (PVA) on a silica surface was studied from 15-35 o C. The structure of the polymer adsorption layer was determined from spectrophotometric, viscosity and thermogravimetric measurements. The amount of PVA adsorbed, macromolecules' conformation in solution, thickness of the polymer adsorption layer, and changes in the heating curve of SiO 2 with adsorbed polymer were determined. Temperature influences the PVA chain conformation in solution and the structure of the polymer adsorption layer. A temperature rise causes relaxation of polymer coils which results in an increase in the linear dimensions of PVA chains in the solution, the creation of a thicker adsorption layer, and an increase in polymer adsorbed. Polymer adsorption on the silica surface also causes changes in the heating curve of these systems. The mass losses due to heating are smallest for the systems obtained at 15 o C because the least polymer is adsorbed at this temperature.
Introduction
Polymer flocculants and stabilizers are widely used to control the stability of colloidal systems such as suspensions, emulsions, or foams [1] [2] [3] [4] [5] . Their great effects on stability are mainly because macromolecules can take on different interfacial conformations, both adsorbed on the surface of solid particles and free in solution [6] [7] [8] [9] [10] . Demand for effective stabilizers and flocculants is steadily increasing due to their widespread use in industry, agriculture, ecology and natural resource extraction (e.g. oil, coal, minerals).
There are two main types of colloid stabilization by polymers. These are steric stabilization and depletion stabilization. Steric stabilization occurs as a result of steric repulsion between solid particles covered with a densely packed polymer layer. This mechanism is more probable for low molecular weight polymers. Adsorption of polyelectrolytes probably causes electrosteric stabilization due to both steric and electrostatic interactions. Macromolecules which do not undergo adsorption cause depletion stabilization, usually at very high polymer concentrations.
Destabilization of the solid particles causes flocculation. The most important types are bridging and depletion flocculation. Bridging flocculation usually occurs at low polymer concentrations, which provide only partial surface coverage. Polymer bridges form by adsorption of one macromolecule on the surface of at least two particles. The polymer bridge can be also form by interaction between two polymer chains adsorbed on different particles. On the other hand, depletion flocculation occurs as a result of aggregation caused by unadsorbed macromolecules at high polymer concentrations.
The arrangement of macromolecules on the surface depends on both the polymer and adsorbent [11] [12] [13] [14] [15] [16] [17] . In addition, the nature of the solid surface and the polymer chain conformation (especially ionic) are affected by pH and ionic strength as well as temperature. Kim et al. [18] investigated the drying of silica/polyvinyl alcohol suspensions at different pH and noted the influence of microstructural changes on stability. However, the effect of temperature on the thickness and structure of the polymer adsorption layer has not been extensively examined [19] [20] [21] [22] [23] [24] .
Considering the importance of polymers in controlling the stability of many technological and biological systems, the aim of the present paper was the examination of the polyvinyl alcohol (PVA) adsorption properties on silica over the temperature range o C. Polyvinyl alcohol finds wide application in the food industry (to retain satisfactory taste, texture and quality), as a component of cement and varnish, and as a stabilizer of paints, cosmetic emulsions and pharmaceutical thickeners. Silica is a very popular adsorbent with a well defined solid-liquid interface [25] . It is widely used in glass, water glass, cement and ceramics production. Silica gel finds application as a stationary phase in chromatography, as a drying agent, a catalyst, and a catalyst carrier.
Experimental procedure
Inorganic ion impurities present in silica (SiO 2 , Merck) were washed out with doubly distilled water to a supernatant conductivity of less than 2 µS cm -1 . After drying, the adsorbent was ground in a ball mill. The specific surface area was 326 m 2 g -1 , determined by the low temperature nitrogen adsorption-desorption BET method using a Micromeritics ASAP 2405 (Accelerated Surface Area and Porosimetry) automatic adsorption analyzer.
Polyvinyl alcohol (PVA, Fluka) with weight average molecular weights 22 000 and 38 000 and 97.5% degree of hydrolysis were used; i.e., production leaves 2.5% of the acetate groups unhydrolyzed to hydroxyl [26] . These groups undergo ionization and the polymer chains gain negative charge. Polymer solutions were filtered through cellulose membranes (Millipore) to eliminate both inorganic contamination and lower and higher polymer fractions. The PVA 22 000 solution was filtered through membranes with NWML (nominal molecular weight limits) of 10 000 and 30 000; the PVA 38 000 solution was filtered through 30 000 and 60 000 NWML membranes.
All measurements were carried out between 15-35 o C in 1×10 -2 M NaCl supporting electrolyte. Static adsorption measurements were taken with 10-200 ppm polymer and 0.03 g of SiO 2 , corresponding to a volume fraction of 0.03% silica. The suspensions were shaken in a 15, 25 or 35 o C water bath (OLS 2000, Grant) for 24 hours. The pH of the solutions was adjusted to 6 using HCl and NaOH solutions and checked during the experiment with a Beckman φ360 pH meter. Next, the suspensions were centrifuged and 5 mL of the clear polymer solutions were collected. The polymer concentration was determined from the reaction of polyvinyl alcohol with boric acid (H 3 BO 3 ) and iodine solution (I 2 ) [27, 28] . The absorbance of the green complex was measured at 682 nm 15 min after the start of the reaction with a UV-VIS Specord M42 spectrophotometer (Carl Zeiss Jena). The amount of adsorbed polymer was determined from the difference between the PVA concentration in the solution before and after adsorption.
Viscosity measurements in the presence of PVA were made using a CVO 50 rheometer (Bohlin Instruments) with the volume fraction of SiO 2 equal to 0.00944. The thickness of the polymer adsorption layers (δ) was determined from the viscosity measurements [29] using (1) where r is the radius of the solid particle (nm), φ o the volume fraction of the solid without polymer, and φ p the volume fraction of the solid with polymer; and (2) where η is the viscosity of the suspension (Pa s), η o the viscosity of the liquid phase (Pa s), and k the Einstein coefficient.
The following parameters were also calculated from viscosity measurements:
-root-mean-square chain end-to-end distance, -root-mean-square radius of gyration, and R h -hydrodynamic radius of a polymer coil in the solution. These parameters were obtained from the dependencies [30] ( 3) where [η] is the intrinsic viscosity number (dm g -1 ), Φ the Flory-Fox constant (approximately 2. 1×10 21 ), and M the polymer molecular weight, and (4) (5) where f is a constant independent of polymer molecular weight (for PVA f=0.59 [30] ).
The intrinsic viscosity [η] was obtained from the plot η r =f(c) by extrapolating a straight line to zero polymer concentration (c) (6) where η r is the reduced viscosity η s is the specific viscosity, η rel the relative viscosity, η 1 the polymer solution viscosity, and η o the electrolyte solution viscosity.
Samples for thermogravimetric measurements were prepared by adding 0.45 g of SiO 2 to 150 mL of NaCl or NaCl with PVA (C PVA = 100 ppm) solutions and adjusting to pH=6. The suspensions were shaken in a 15, 25 or 35 o C water bath for 24 hours; the pH was then checked. The samples were then centrifuged and the solid (with or without polymer) was dried. Thermogravimetric analysis was performed on a derivathograph Q-1500D (MOM Hungary) [31] . The TG and DTG curves were measured 20-1000 o C at 10 o C min -1 . The TG curve shows the mass loss as a function of temperature. To improve readability, the DTG shows its first derivative.
Results and discussion
Figs. 1 and 2 present the effect of temperature on the amounts of PVA 22 000 and PVA 38 000 adsorbed on the silica surface at pH=6. For both molecular weights of polymer adsorption increases with temperature. With higher PVA molecular weight more is adsorbed, which is typical and extensively reported [32] [33] [34] [35] .
Adsorption measurements were carried out at constant pH = 6. This is very important because the charges of the polyvinyl alcohol chain and metal oxide surface strongly depend on the solution pH. Besides hydroxyl groups (-OH) the PVA macromolecules contain 2.5% acetate (-O-CO-CH 3 ) as shown below:
The C-H bonds α to acetates have acidic properties. The proton from the -CH 2 -adjacent to the -CH-containing and acetate undergoes dissociation. The charge formed is concentrated on the acetate carbonyl oxygen:
At pH 6 practically all acetate groups are ionized, giving the macromolecules negative charge [36] . On the other hand, the silica is characterized by pH pzc (pzc -point of zero charge) of approximately 3 [36] and at pH 6 its surface is also negatively charged. Therefore at pH 6 electrostatic repulsion between the negatively charged polymer chains and the adsorbent surface occurs. Considering only electrostatic forces, adsorption of polymer on the solid surface would be impossible. However, the results clearly show that adsorption of PVA on silica takes place ( Figs. 1 and 2 -root-mean-square radius of gyration and R h -polymer coil hydrodynamic radius. Their values calculated from the viscosity data are summarized in Table 1 .
For both PVA molecular weights the effective macromolecular size increases with temperature. At 15°C the polymer chains adopt a more coiled structure in solution, whereas at 35 o C their conformation is more stretched as polymer coils relax due to improvement of the solvent quality. At lower temperature polymer chains are coiled because segment-segment interactions are energetically more favorable than solvent-segment interactions. This is reversed as the temperature rises, and at higher temperature the polymer segments prefer contact with the solvent molecules so their conformation is more stretched.
The increased adsorption of PVA on the silica surface with increasing temperature results from conformational changes of the adsorbed macromolecules. It is assumed (7) Temperature effects on the adsorption of polyvinyl alcohol on silica that adsorbed macromolecules adopt a conformation similar to that in the bulk solution. This is supported by the thicknesses of the PVA adsorption layer (δ) on the SiO 2 surface (Table 1) . At higher temperatures the adsorption layer becomes thicker. Taking into account the adsorbed amounts of PVA, linear dimensions of its macromolecules in the solution and thicknesses of the polymer adsorption layers, the most probable mechanism of polyvinyl alcohol adsorption on the silica surface at different temperatures was put forward.
At 15°C the polymer adsorption layer formed on the solid surface is composed of polymer coils. Considering the electrostatic repulsion between the PVA macromolecules and the SiO 2 surface, these coils are probably loosely tangled. Such a conformation blocks surface access by other polymer chains. As a consequence, lower adsorption and the thinnest adsorption layer were obtained at this temperature.
A temperature rise promotes polymer coil relaxation. They adsorb in this conformation on the solid surface forming a thicker adsorption layer. The relaxation is enhanced by the repulsive interactions between the ionized acetates and the negatively charged silica surface. Most segments of the adsorbed PVA macromolecules are in the loop and tail structures. This conformation stretched perpendicular to the surface consumes a much smaller amount of surface in comparison to that at lower temperature. Thus adsorption of a larger number of macromolecules is possible which results in higher polymer adsorption and a thicker adsorption layer.
In addition, comparison of the parameters of R h and δ (Table 1) shows that increased temperature causes them to converge. As the temperature increases, the conformation of adsorbed polymer approaches that in the solution. At 15 and 25°C the polymer adsorption layer thicknesses are less than the corresponding R h in the solution. Hydrogen bonding between the polymer and surface probably causes some "flattening" of the adsorption layer. On the other hand, at 35 o C the thickness of the polymer adsorption layer is slightly larger than the corresponding dimensions of the macromolecules in the solution. This may be because extension becomes more favorable at the highest temperature and chain stretching is favored by electrostatic repulsions between ionized acetate groups of the polymer and negatively charged surface of the adsorbent.
Figs. 3-5 present the TG curves and Figs. 6-8 the DTG curves for SiO 2 in the absence and presence of PVA. The samples of the silica with adsorbed polymers were prepared at 15, 25 and 35 o C. Their characteristics are presented in Table 2 .
Heating of silica without PVA proceeds in two stages: 1) at 20-200 o C -desorption of hygroscopically and physically adsorbed water (endothermic process with a minimum at 92-102 o C), and 2) at 200-900 o C -desorption of structural water from surface silanol condensation. Adsorption of polyvinyl alcohol causes changes in both stages. The weight losses in the temperature range o C are larger by about 30-40% (Table 2) comparing to the systems without the polymer and the depths of the DTG peaks are different. The smallest differences in mass losses were found for the systems prepared at 15°C (Table 2 ) because PVA adsorption is least.
Due to the fact that the adsorbed amount of PVA on the SiO 2 surface increases with the increasing temperature, these changes in thermal characteristics of the SiO 2 -PVA systems result from different levels of polymer adsorption. At pH 6 the binding of the negatively charged PVA macromolecules (containing besides hydroxyl groups, 2.5% of the ionized acetate ones), to the negatively charged silica surface proceeds by hydrogen bonds. Not all polymer segments are adsorbed and a substantial majority are in the loop and tail structures. These nonadsorbed hydroxyl and acetate groups are hydrated and they dehydroxylate in the 20-200 o C range. Weight losses for SiO 2 with adsorbed PVA are greater than without the polymer.
In the range 200-900 o C weight losses in systems containing polymer are still observed, which may result from loss of the PVA hydroxyl groups. On the other hand, changes in the number and nature of the surface silanol groups are also observed. Polymer adsorption blocks pores and reduces the surface area. The thermal properties and structure of polyvinyl alcohol/silica nanocomposites were investigated by Peng and Kong [40] as well as Nakame et al. [41] . The former group obtained high adsorption of PVA on the SiO 2 surface by hydrogen-bonding adsorption of polyvinyl alcohol on a silica surface covered previously with positively charged polyallylamine hydrochloride (PAH). They obtained two-step degradation of these composites in the temperature ranges 300-450 o C and 450-550 o C. The first degradation corresponded to water and residual acetate group elimination as well as a few chain-scission reactions. The second was associated with chain-scission and cyclization reactions as well as continued elimination of residual acetate groups.
For the system reported here these degradation steps are minimal due to the small adsorption of PVA on the silica surface.
Conclusions
The temperature effects o C) on the conformation of polyvinyl alcohol macromolecules adsorbed on a silica surface was studied. The obtained data indicate that amount of PVA adsorbed and the thickness of the adsorption layers increase with temperature. The conformation of polymer chains in solution becomes more stretched at higher temperatures. A similar tendency was observed for adsorbed macromolecules. Ionization of the 2.5% residual acetate groups is significant. Electrostatic repulsion between the ionized chains and the negatively charged silica surface at pH=6 has some influence on the conformation of the adsorbed polymer chains.
Polyvinyl alcohol adsorption causes changes in thermal characteristics of the silica samples prepared at 15, 25 and 35 o C. For the SiO 2 -PVA systems, the mass losses are larger (by about 30-40%) in the temperature range o C than for silica without the polymer. Moreover, changes of DTG peak position and depth are observed. In the temperature range o C dehydroxylation of the PVA hydroxyl and acetate causes larger mass losses in the systems with the polymer. The mass losses in the 200-900 o C range are due to removal of PVA hydroxyl groups and decomposition of the polymer chains (chain-scission and cyclization reactions). Changes in thermal characteristics of the SiO 2 -PVA systems are related to changes in the polymer adsorption layer structure with increasing temperature. The smallest mass losses are at 15 o C, when polymer adsorption is least. 
